We report a transient expression transfection system in Leishmania enrielti. A hybrid gene containing an intergenic region of the a-tubulin duster and the bacterial chloramphenicol acetyltransferase (CAT; EC 2.3.1.28) gene is expressed after transfection of L. enreffii with the hybrid plasmid. The expression of the CAT gene is dependent on the presence of sequences from the a-tubulin gene. The hybrid gene is also active in Leishmania brazliensis and Leishmania major.
The goal of this work was to develop a transfection and transient expression system for analysis of RNA transsplicing in Leishmania enriettii. Detailed transcriptional analysis of mRNAs from all trypanosomatids has revealed that each mRNA is modified at its 5' end to include the identical nucleotide sequence. This nucleotide sequence is not encoded upstream from the gene but is spliced onto the structural gene RNA by a mechanism that results in formation of a hybrid mRNA composed of transcripts from two distinct genes on separate chromosomes (for review see ref. 1) . This mechanism was originally described in Trypanosoma brucei (2) (3) (4) (5) and has subsequently been demonstrated in other members of the trypanosomatid family, including L. enriettii (6) (7) (8) (9) , and recently in some nematodes (10, 11) . The spliced leader sequence (SLS) is transcribed as a precursor RNA that contains a consensus splice donor site and it is added onto the 5' end of the structural gene mRNA at the position of a consensus splice site by means of a transplicing mechanism (12) (13) (14) (15) (16) (17) (18) . There is a single splice acceptor site for the L. enriettii a-tubulin mRNA and there are two splice sites in the ,3-tubulin mRNA (7) .
The major development that is critical in continuing molecular genetic analysis of these parasites is developing a transfection system that will allow introduction and analysis of modified genes in the parasite. Initial attempts at this work in a related kinetoplastida, Crithidia fasciculata, involved introduction of a drug-resistant gene (G418) carried on a plasmid (19) . Resistant parasites were isolated, but rearrangement of the plasmid DNA in these parasites made interpretation of the results ambiguous. Recent work in T. brucei has resulted in the introduction of a minichromosome from Trypanosoma congolense into T. brucei by electroporation (20) . A report by Eid and Sollner-Webb (21) claimed transient transcription of foreign DNA under control of an rRNA promoter; however, recent work (B. Sollner-Webb, personal communication) by the same group has thrown into question the original interpretation.
One problem in developing a transfection vector is that promoters have not been identified for most structural genes in these organisms, in part due to the unique RNA processing but also due to the unusual gene structure. Many structural genes, including the a-tubulin gene in L. enriettii (22, 23) , are arranged in tandem arrays (24) , and there are at least two potential sites for transcription initiation, one site adjacent to each gene and the other upstream from the gene cluster. Recent work in other laboratories provides evidence for polycistronic transcription of the tubulin gene cluster in T. brucei (25, 26) , but definitive identification of promoter sequences will depend on transfection experiments. We now report transient expression of exogenously introduced DNA in L. enriettii. Briefly, a hybrid gene was constructed in vitro in which the intragenic region of the a-tubulin repeat was placed 5' to the bacterial chloramphenicol acetyltransferase (CAT; EC 2.3.1.28) gene in the pBluescript vector. This hybrid gene was expressed in L. enriettii, Leishmania major, and Leishmania braziliensis.
Questions of the structure-function relationships of the various putative controlling elements in gene expression can be directly assayed. This system may also have enormous potential in defining important regions of receptors or other virulence factors; it will convert the molecular work in this parasite from descriptive to functional.
METHODS AND MATERIALS
Plasmid Construction. The a-tubulin expression plasmid pALT1-1 was constructed by Pst I and HincII restriction enzyme digestion of a-tubulin gene genomic copy cloned in plasmid pLT1 (22, 23) . The 800-base-pair (bp)-long fragment that starts 7 bp upstream of the first codon and contains the noncoding region was separated by electrophoresis on a 1% agarose gel and purified by electroelution. This fragment was cloned into the commercially available plasmid pBluescript KSM13+ (Stratagene) between Pst I and Sma I restriction enzyme sites. The CAT gene was isolated from pSV2CAT (27) plasmid by Sau3A restriction enzyme digestion followed by electrophoresis and electroelution. The purified 700-bp CAT gene fragment was ligated into the BamHI site of the plasmid that already carries the cloned a-tubulin fragment. This created a fusion of a-tubulin regulatory region with CAT structural gene in the pBluescript plasmid. Escherichia coli strains transformed with this plasmid are sensitive to chloramphenicol. This result may indicate the loss of regulatory sequences necessary for CAT gene expression in E. coli.
Plasmids pALTi-Al, pALT1-A3, and pALT1-A10 are derivatives of the plasmid pALT1-1 constructed by partial deletion of the a-tubulin fragment. Deletions were made by digestion of the plasmid pALT1-1 with Kpn I and Pst I enzymes that linearize the plasmid. Linearized plasmid pALT1-1 (25 ,ug) 
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nuclease buffer (Strategene kit), and heated to 680C for 15 min. Mung bean nuclease (15 units) was added to each sample and incubated for 30 min at 30'C. EDTA (final concentration, 50 mM) was added to each reaction mixture. Samples were extracted with phenol, ligated (according to the method in the Strategene kit), and transformed into E. coli JM109. The deletion in pALT1-Al contains 120 bp of the 3' end from the original a-tubulin fragment, whereas deletions in pALT1-A3 and pALTI-AlO are larger and contain only 52 bp of the 3' end. The pBSCAT plasmid was constructed by directly cloning the CAT reporter gene into the BamHI site of pBluescript KS+ plasmid. All deletion products were analyzed and characterized by the Sanger dideoxynucleotide sequencing technique (28) .
In Vitro Synthesis of RNA. The plasmid pALT1-1 was linearized by Sac I, which cuts the plasmid in the polylinker near the end of the CAT gene. The plasmid was extracted twice with phenol/chloroform (1:1) and precipitated with ethanol. The DNA was resuspended in water in a final concentration 1 gg/gl. Template DNA (2 gg) was used for synthesis of the RNA from the T3 promoter using T3 RNA polymerase. The in vitro transcription reaction mixture was incubated with reaction mix [40 mM Tris HCI, pH 7.5/6 mM MgCl/2 mM spermidine/10 mM NaCl/10 mM dithiothreitol/ 1 ,g of RNasin per ml/0.5 mM dNTP/20 units of T3 RNA polymerase (Boehringer Mannheim)] at 37°C for 1 hr and yielded 1-5 ,ug of synthetic RNA. The RNA was extracted with phenol and analyzed by electrophoresis on a 5% acrylamide gel in 7 M urea (data not shown).
In Vitro Translation. The synthetic RNA (0.2 jig) was incubated in the presence of 20 Al of rabbit reticulocyte lysate supplemented with amino acids {0.1 mM each (final concentration), except for methionine, which was present at 1 ,uM [35S]methionine (800-1200 Ci/mmol; 1 Ci = 37 GBq) according to the manufacturer's instructions (Amersham)}. The reaction mixture was incubated at 30°C for 1 hr. When incubation was completed the reaction mix was analyzed by SDS/PAGE electrophoresis and autoradiography or assayed for CAT activity (see below). In lysates analyzed for CAT activity, radiolabeled methionine was replaced with unlabeled methionine.
Transfection of Leishmania Cells. L. enriettii parasites were cultivated in Schneider's Drosophila medium supplemented with 10% heat-inactivated fetal bovine serum/4 mM glutamine/0.04% gentamycin sulfate (GIBCO) at 28°C. Midlogarithmic culture (106 cells per ml) of Leishmania cells in Schneider's Drosophila medium was harvested by centrifugation (1000 x g for 5 min). Cells were washed twice in 5 ml of cold phosphate-buffered saline (PBS) and resuspended in high ionic concentration electroporation buffer (21 mM Hepes, pH 7.05/137 mM NaCI/5 mM KCI/0.7 mM Na2HPO4/6 mM glucose) to a final concentration of 108 cells per ml. Cells (0.5 ml) were mixed with plasmid DNA (50 ,ug per 108 cells), transferred to an electroporation cuvet, and exposed to an exponential discharge of 3000 V/cm from a 25-,F capacitor (Bio-Rad gene pulser) (29) (30) (31) . Electroporated cells were incubated on ice for 10 min, transferred into culture medium, and incubated 24 or 48 hr before assay of CAT activity. No difference in CAT activity was detected in the 24-hr vs. 48-hr incubations.
Assay for CAT Enzyme Activity in Leishmania Parasites. Transfected Leishmania cells were harvested and washed several times in cold PBS and resuspended in 100 ,ul of 0.5% Triton X-100 in 0.25M Tris HCI, pH 7.5/1 mM phenylmethylsulfonyl fluoride. After 5 min of incubation on ice the lysate was cleared by centrifugation in an Eppendorf Microfuge (12,000 x g) for 5 min. The cleared lysate was then incubated at 670C for 10 min to inactivate transacetylases that can interfere with CAT activity. The lysate was cooled on ice and cleared again by centrifugation in a microcentrifuge for 5 min.
One hundred microliters of the cleared and inactivated lysate or the rabbit reticulocyte lysate (see above) was assayed for CAT activity in a mix of 0. 25 (27) . The TLC plates were developed for 2 hr in chloroform/methanol (95:5) and exposed to x-ray film for analysis.
RESULTS
Construction of Transient Expression Vector. The aim of this work is development of a system for the transient expression of exogenously added DNA in L. enriettii. This has been accomplished by construction of a hybrid plasmid containing a region of the a-tubulin gene cluster and the bacterial gene encoding CAT. These two fragments (see Fig.  1 ) were combined in the pBluescript vector. The intergenic region of the a-tubulin gene cluster used in this construct contains the sites for polyadenylylation of the upstream gene and the splice acceptor site of the downstream gene.
The pBluescript vector was chosen because we could use the T7 or T3 promoter to make RNA transcripts from the hybrid genes and test these transcripts in an in vitro translation system (32) . This allowed us to confirm that the hybrid genes encoded active CAT enzyme. The pALT1-1 plasmid was linearized at the Sac I site and incubated with T3 RNA polymerase. The size of the synthetic RNA was determined by acrylamide gel electrophoresis and the encoded protein products were detected by SDS gel electrophoresis after in vitro translation in the rabbit reticulocyte system (data not shown). The size of the RNA and in vitro translation product were as expected for the CAT gene (data not shown). The products of the in vitro translation were tested for CAT activity and the results of such an experiment can be seen in Fig. 2 control, transcripts from pSP65CATA [plasmid provided by Virginia Walbot, Stanford (33)] also directed the synthesis of CAT enzyme. No CAT activity was found in extracts alone or in those incubated with control mRNA.
Expression of CAT in L. enrietfii. These plasmids were then used to transfect L. enriettii by the method of electroporation. In previous experiments, we established the conditions of electroporation that resulted in uptake offoreign DNA and in 50%o killing of the parasites (unpublished). These conditions were chosen because similar experiments in other systems demonstrated that these were both important criteria for successful transfection. Cells were electroporated at 3000 V/cm for 0.5 msec (25-,uF capacitor) in a high ionic strength buffer in the presence of plasmid DNA (50 ,g per 108 cells). In each experiment, mock transfections without added plasmid DNA were performed as controls. After electroporation, cells were incubated 24 or 48 hr in separate experiments and then assayed for CAT activity using standard protocols. As can be seen in Fig. 3 , transfection with the hybrid plasmid pALT1-1 results in expression of CAT activity. In contrast, no CAT activity was detected in mock-transfected parasites or parasites transfected with pSP65CATA, which contains a CAT gene and upstream signals necessary for expression of CAT in plant cells and mammalian cells (33) . This experiment has been repeated several times with similar results. CAT activity is present for at least 5 days after transfection (see Fig. 4 ).
The major potential artifact in these experiments is that the plasmid DNA was transfected into a contaminating organism that is expressing CAT activity. Several control experiments were performed to rule out any potential contamination. Bacteria (JM109) transfected with pALT-1 are not chloram- phenicol resistant and do not express CAT activity. Transfected cultures were tested directly for potential contaminants by plating an aliquot (100 1.L of 500 dul) on Luria broth and blood agar plates, and no contamination was detected. The parasites were maintained in antibiotic (gentamycin, Sigma)-containing medium to ensure sterility. If parasites are allowed to die by overgrowth before electroporation, no activity is observed. In control transfection experiments, plasmid DNA electroporated in culture medium or supernatant without parasites did not result in production ofany CAT activity. If plasmid DNA is added after parasites have been subjected to electroporation, no CAT activity is detected. The conclusion from these experiments is that the transfected L. enriettii were expressing the exogenously added hybrid gene.
Deletional Analysis of Expression. The hybrid plasmid pALT1-1 contains the 800-bp intergenic region of the atubulin gene cluster. The purpose of these experiments was to map the exact location of the region necessary for this expression in L. enriettii. A nested set of deletions of the 800-bp region was prepared and tested in the transfection assay (Fig. 5) . These deletions were precisely characterized by DNA sequencing (see contains the splice acceptor site but the poly(A) site of the upstream gene has been deleted. Plasmids pALT1-A&3 and pALT1-A10 contain 52 bp upstream from the methionine of a-tubulin, but the native splice acceptor site has been deleted. CAT activity was detected after transfection with each of these deletions. If the CAT gene was cloned directly into the pBluescript vector at the same site without any a-tubulin sequences (pBSCAT), then no CAT activity was detected in transfected parasites. However, CAT activity is still observed in hybrid genes that contain only sequences found in mature tubulin mRNA and in which the native splice acceptor site has been deleted. Examination of the plasmid sequence that replaced the upstream region reveals several AG dinucleotides that could act as potential splice acceptor sites (Fig.  Sc) . This result could indicate that transcription begins upstream in the plasmid vector and splicing occurs at this alternative site.
To test the possible role of the pBluescript vector in expression of CAT gene in L. enriettii cells, the entire hybrid gene was inverted (see Fig. 5 ) relative to the vector plasmid. The levels of CAT activities observed after transcription experiments were similar in both directions. These results may suggest that there is either no involvement of the vector in expression of CAT gene or the vector activity is bidirectional.
Expression of CAT in Other Kinetoplastida. In a second series of experiments, pALT1-1 was used to transfect L. major and L. braziliensis, different species of the parasite (Fig. 6) , and Trypanosoma cruzi, another kinetoplastida. CAT activity was detected in L. braziliensis and L. major transfected with pALT1-1, but no activity was detected in T. cruzi transfected with the same plasmid. The conclusion from this work is that this plasmid results in transient expression of CAT in different Leishmania species.
DISCUSSION
We report a transient expression transfection system in L. enriettii. A hybrid gene containing an intergenic region of the a-tubulin cluster and the bacterial CAT gene is expressed after transfection of L. enriettii with the hybrid plasmid. Expression of the CAT gene is dependent on the presence of sequences from the a-tubulin gene. The hybrid gene is also active in L. braziliensis and L. major.
We have proposed two models to explain the results observed with our transient expression vectors. Three steps are required in expression of CAT activity in the transfected parasite. Exogenous DNA must be transcribed, processed, and subsequently translated by the parasite translation system. The plasmid DNA must contain signals for transcription and for successful translation. We also assume that the plasmid contains sequences for RNA processing and transsplicing. In L. enriettii, there is no definitive information on transcription promoters.
An interesting question is raised regarding the splice acceptor site. It has been deleted in two of the plasmids, pALT1-A3 and pALT1-l10, and yet CAT activity is still expressed if L. enrietti is transfected with these plasmids. One model is that transcription begins somewhere within the plasmid sequence and the RNA is spliced using an alternative acceptor site. The plasmid DNA sequence in these deletion mutants contains at least two possible AG acceptor sites in positions similar to the original acceptor site. Analysis of the CAT mRNA from these deletion mutants will provide information as to whether these alternate AG sites are used as acceptors for the SLS. It is possible that mRNA does not require the SLS for the translation, although previous work has demonstrated it to be present on all mRNAs in T. brucei (34) .
Our results indicate that a very small region ofthe a-tubulin intergenic region is necessary for expression of CAT in transfected L. enriettii. This was a surprising result since other experiments reported in the literature predicted that transcription was initiated upstream from the tubulin cluster and that the intergenic region played a role in RNA processing to form mature mRNA (25, 26) . However, our construct did not contain any sequences from the upstream region. Two possible models must be examined to explain this result. In the first model, the "promoter" function is provided by a region of L. enriettii DNA immediately adjacent to the structural gene. To test this model, our in vitro mutagenesis must be continued, including additional deletions and sitespecific mutagenesis of this region. In the second model, the promoter function is provided by the plasmid DNA. We have inverted the entire CAT/a-tubulin upstream region within the pBluescript vector and the level of CAT activity is unchanged. These data indicate that if the plasmid DNA is providing this function, it is transcribed in both directions in the parasite. Purification and characterization of the CAT gene transcript will provide more information about the nature of regulation and expression of the here-described expression vector in transfected L. enriettii cells.
We present here a system for transfection of L. enriettii cells and expression of foreign genes (CAT) in these cells. The same expression was achieved in other species of Leishmania, which indicates the generality of this system. This system will provide a powerful tool for molecular genetics studies not only in L. enriettiirmodel systems but also directly in pathogenic species of Leishmania that are of major health importance. After this work was completed, a report appeared describing transient expression of CAT in transfected Leptomonas, an insect trypanosomastid (35) .
